Patatin, the maior glycoprotein in potato tubers, is encoded by a multigene family. RNA and protein analyses reveal that a homologous mRNA and an immunologically cross-reacting protein can be found in potato flowers, which is similar to patatin in that it displays a lipid acyl hydrolase activity. The patatin-like protein found in flowers has a higher molecular weight than the authentic tuber patatin. Deglycosylation experiments show that this is not due to differences in the glycosylation pattern. lmmunocytochemical analysis shows the patatin-like protein to be present only in the epidermal cell layer of the anther, the exothecium, and in petals of potato flowers. Furthermore, the fact that a patatin-like protein can be detected in a similar tissue in sweet pepper, another solanaceous plant, could give a clue concerning the evolutionary origin of patatin.
INTRODUCTION
Patatin, originally defined as the major storage protein in potato tubers, is a group of immunological identical glycoproteins. It is present in all potato cultivars so far examined and accounts for up to 40% of the soluble tuber protein. The molecular weight is estimated to be 40 kD (Racusen and Foote, 1980) . The precursor protein contains a signal peptide (Kirschner and Hahn, 1986) , which allows the polypeptide to enter the lumen of the endoplasmatic reticulum (Blobel, 1980) . The protein becomes Nglycosylated and the glycans are further modified to complex-glycans (U. Sonnewald et ai., submitted) . It has been shown by EM-immunocytochemistry that patatin is mainly localized in the vacuoles of potato tubers (Sonnewald et ai., 1989) .
Patatin is encoded by a multigene family comprising more than 10 members per haploid genome (Mignery, Pikaard, and Park, 1988; Twell and Ooms, 1988) . The genes isolated so far can be divided into two classes based upon the absence or presence of a 22-bp insertion in their 5'-untranslated region (Pikaard et al., 1987) . Class I genes, which are devoid of the insertion, are thought to be transcribed mainly in potato tubers, whereas class II genes, which contain the insert, are expressed preferentially in roots (Pikaard et al., 1987) . Interestingly, class I genes might be subjected to metabolic control as they can be induced in leaves of potato plants axenically cultured ' To whom correspondence should be addressed. on media containing high sucrose levels (Rocha-Sosa et ai., 1989) .
The physiological role of patatin is unclear. The presence of massive amounts of this glycoprotein in tubers argues for its major role as a storage protein. In contrast with most other storage proteins (Casey and Domoney, 1987) , patatin is rather stable, as no degradation products are detected during tuber sprouting (unpublished observations). Recently, another possible role for patatin has been proposed because both biochemical and genetic tests have shown that patatin encodes a lipid acyl hydrolase (LAH) and wax synthase (Racusen, 1985; Racusen, 1986; Rosahl, Schell, and Willmitzer, 1987; Andrews et ai., 1988) . This observation might indicate that patatin could serve a necessary biological function in regard to this activity during certain plant developmental stages. To understand further the possible biological role of patatin, we decided to screen potato plants during a complete generation cycle. More specifically, as anthers are known to synthesize huge amounts of esterases, which are involved in pollen development (Hedge and Andrade, 1982; Nave and Sawhney, 1986; Sawhney and Nave, 1986; and Delvallee and Dumas, 1988) , we analyzed whether patatin could play a role during pollen morphogenesis. We found that a protein related to patatin is specifically expressed in petals and anthers of potato flowers. Moreover, we detected a patatin-like protein in another genus of the Solanaceae, pepper. The possible implications of this observation with respect to both the biological function and the evolutionary origin of patatin are discussed.
RESULTS

Anthers, Petals, and Unripe Flowers Contain an RNA Cross-hybridizing with a Patatin cDNA
To look for the possible expression of patatin in developing flowers, total RNA was isolated from different parts of potato flowers cv Berolina and used for RNA gel blot analysis. Samples were taken from sepals, petals, anthers, leaves, tubers, and unripe flowers from the same potato plant. The blot was hybridized against a patatin cDNA, pcT1500 probe (Rosahl et al., 1986a) . The result is shown in Figure 1 . Homologous patatin RNA could be detected in some flower parts, especially anthers, petals, and unripe flowers. No signal was observed in green sepals. Moreover, the size of this RNA was very similar to the patatin RNA present in potato tubers. This RNA could be detected in very early stages of flower development (flower buds, data not shown). When similar experiments were performed using a different potato variety (cv Desiree), the same qualitative expression pattern was observed. Concerning quantitative levels, the ratio of patatin RNA in flowers compared with tubers in the potato cv Desiree was lower in this cultivar in comparison with the potato cv Berolina (data not shown).
To investigate the homology between tuber-and flowerderived patatin RNA, RNA gel blots containing tuber RNA and flower RNA were hybridized with the patatin cDNA probe pcT1500 and washed at two different stringencies (3 x SSC, 68°C versus 0.1 x SSC, 68°C). Whereas for In each lane 50 tig of total RNA extracted from tuber (TUB) (The left lane of TUB contains 50 Mg total RNA, whereas the right lane contains 20 Mg), unripe flower (U FL), petals (PET), sepals (SEP), leaves (LEAF), and anthers (ANT) were separated by gel electrophoresis on 1.5% agarose gels in the presence of formaldehyde. After transfer to Hybond membranes, the filter was hybridized with a labeled patatin cDNA probe pcT1500 (Rosahl et al., 1986a Total protein extracted from tuber (TU), stem (ST), leaf (LE), pistil (PI), anther (AN), petal (PE), sepal (SE), and unripe flower (UF) were separated by SDS-PAGE. After transfer to nitrocellulose membranes, patatin-related proteins were detected as described by Rosahl, Schell, and Willmitzer (1987) . The sizes of two molecular weight markers are indicated (in kilodaltons) next to the arrows.
tuber RNA, 70% of the signal remained on the filter upon washing at 0.1 x SSC, only 10% of the signal obtained with flower RNA was retained at the high stringency wash.
Potato Flowers Contain an Immunologically Related Patatin, Migrating at a Higher Molecular Weight
When protein extracts derived from different parts of the flower were analyzed using an antipatatin protein-specific antibody, an immunologically cross-reacting protein species was observed clearly in anthers, petals, and unripe flowers ( Figure 2 ). This result agrees with those obtained for the distribution of RNA in different flower parts. In addition, faint bands were also detected in both pistils and sepals. When the mobility of the immunologically crossreacting protein from potato flowers is compared with the mobility of the authentic patatin of potato tubers, a clear shift is observed. The molecular weight of the flower protein is higher. Because patatin is a glycoprotein, we tested whether or not this shift in migration behavior is caused by a difference in glycosylation. To this end, both tuber-and flower-derived proteins were chemically deglycosylated by treatment with trifluoromethane sulfonic acid. As a result, the molecular mass of both tuber-and flowerderived patatin was decreased, but a difference of about Protein extracts applied before (-) and after (+) treatment with trifluoromethane sulfonic acid (TFMS) for chemical deglycosylation were tested immunologically for patatin-related proteins as described in Figure 2 . In both anther lanes, 50 ng of protein were applied, whereas 20 ^g of protein were applied in the tuber lanes.
3 kD was retained ( Figure 3 ). Therefore, the higher molecular weight of the patatin-like protein in potato flowers is not due to glycosylation.
Esterase Activity in Flower-derived Protein Extracts Co-migrates with a Protein Immunologically Reactive to a Patatin Antibody
Patatin found in potato tubers has been demonstrated to exhibit an enzymatic activity, i.e., a lipid acyl hydrolase (LAH), (Racusen, 1985; Rosahl, Schell, and Willmitzer, 1987; Andrews et al., 1988) . To analyze whether the patatin-related protein in potato flowers also encodes a corresponding activity, native protein extracts from anthers, roots, and tubers were separated by SDS-PAGE. Using a-naphthyl acetate as substrate, a specific esterase activity could be observed in anther, root, and tuber ( Figure  4 ). This esterase activity coincided in its position with a protein immunologically cross-reacting with antipatatin antibodies on the corresponding protein gel blot (Figure 4 ). This result strongly suggests that the flower-derived, patatin-like protein contains an enzymatic activity similar to the tuber-derived one. The enzymatic activity of tuber-derived patatin displays a differential pattern in regard to the fatty acid ester carbon chain length (Andrews et al., 1988) . To determine whether the patatin-like protein present in anthers is also similar to its tuber homolog in this respect, protein extracts of anthers and tubers, enriched for patatin by chromatography on DEAE-Sephacel and concanavalin A-Sepharose columns (cf., Methods), were analyzed in a photometric assay. p-Nitrophenyl fatty acid esters having carbon chain lengths ranging from 2 to 18 were offered as substrates. Using this substrate, tuber-derived patatin has been reported to have a maximal enzymatic activity with C10 and C16 fatty acid chains (Andrews et al., 1988) . As seen in Figure 5 , the anther-derived patatin-like protein showed a maximal activity with the C10 substrate as well. However, using C16 substrates, little activity could be detected in anthers. In addition, an increase in activity was observed toward smaller fatty acid chains, which might be due to additional co-purifying esterases.
Patatin-like Protein in Potato Flowers Is Detectable in High Amounts and Restricted to Particular Cell Layers
The expression of patatin in potato tubers and roots has a different cell and tissue specificity. Native protein extracts (20 ^g in the tuber and 100 ^g in the other lanes) of anthers (AN), roots (RO), and tubers (TU) were separated by SDS-PAGE (see Methods). Two identical gels were used for a protein gel blot analysis using an anti-patatin protein-specific antibody (as described in Figure 2 ) (left panel), and for an esterase activity staining using «-naphthyl acetate as a substrate (cf. Rosahl, Schell, and Willmitzer, 1987) Esters ranging in chain length from 2 to 18 were incubated with protein extracts of potato anthers and tubers enriched by DEAESephacel and concanavalin A-Sepharose , chromatography (cf., Methods). Relative esterase activities for each substrate were plotted in o/ o (aA400/10 min) (Andrews et al., 1988) , which are relative amounts compared with the total activity measured in both anther and tuber extracts.
patatin promoter drives the expression of an indicator gene in parenchymatic cells of tubers with no detectable expression in the phellem (Rocha-Sosa et al., 1989) , a class II patatin promoter restricts expression mainly to the rhizodermis of roots (M. Koster et al., submitted). Immunocytochemical methods were used to determine the distribution of the patatin-related protein in potato flowers. To this end, thin sections of developing flowers were incubated with antipatatin protein-specific antibodies and visualized by silver-enhanced immunogold staining or immunofluorescence. In Figure 6b fluorescence can be observed in the outer anther cell layer (exothecium, E). The silver-enhanced immunogold-stained section at a higher magnification, shown in Figure 6d , reveals the same location of the patatin-like protein, namely in the epidermal exothe cium cells of the anther. A section through part of a potato flower is represented in Figures 6e and 6f . Only the peta1 tissue (P) was stained after immunogold treatment, whereas the sepals were free of patatin-related proteins.
With respect to the intensity of the immunostaining reaction, it is interesting to note that the relative staining obtained with the exothecium was much higher when compared with the staining intensity obtained with tuber tissue (data not shown). This suggests that the local concentration of patatin in these cell layers of flowers was
A Patatin-like Protein 1s also Found in Sweet Pepper, Another Member of the Solanaceous Plants
Flowers of potato contain a patatin-related protein. In case this protein is important for flower development, one might speculate that its presence in flowers is not restricted to potato, but should also be present in other plants related to potato. Therefore, we decided to test a relative of potato, sweet pepper (Capsicum annuum), for the presente of a similar protein in its flowers. To this end, RNA and protein extracts were prepared from anthers of sweet pepper and analyzed by RNA gel blot and protein gel blot experiments.
As shown in Figure 7 , an RNA species of a size similar to the authentic tuber patatin RNA was detected. Furthermore, a protein immunologically cross-reacting with antipatatin antibodies and of a size comparable to the patatinrelated protein present in potato flowers was detectable in anthers of sweet pepper flowers (data not shown). Finally, when thin sections of sweet pepper anthers were used for immunolocalization experiments, a specific signal was observed in the epidermal anther cell layer (Figure 8 ). The high fluorescence in pollen is due most likely to autofluorescence because a similar signal was visible when preimmune serum or no serum was used. In conclusion, the data show that the patatin-like protein is not restricted to the genus Solanum, but can also be found in the related genus Capsicum.
DISCUSSION
Patatin has been described as being expressed specifically in tubers and to a lesser extent, in roots (Pikaard et al., 1987; M. Koster et al., submitted) . We show that a patatinlike RNA and an immunologically related protein are also present in potato flowers. The mRNA is of similar size but is not completely homologous to the tuber patatin mRNA. Patatin is encoded by a multigene family that contains more than 10 members per haploid genome. Severa1 patatin genomic clones have been isolated and characterized (Bevan et al., 1986; Pikaard et al., 1986; Rosahl et al., 1986b; Mignery, Pikaard, and Park, 1988; Twell and Ooms, 1988) . A class I gene (6 33) expressed in tubers (RochaSosa et al., 1989 ) and a class II gene (pgT 2) expressed in roots (M. Koster et al., submitted) were tested for flowerspecific expression. Flowers of transgenic potato and tobacco plants containing chimeric P-glucuronidase constructs with both patatin promoters were checked for Pglucuronidase activity. No enzymatic activity could be detected (data not shown), indicating that the expression of the patatin-like protein in potato flowers cannot be driven by one of these patatin promoters. This does not exclude the possibility that other members of the patatin gene family belonging to the class I or class II group can be expressed in flower tissue. It is interesting to note that the class I (B 33) promoter, which was shown to be inducible by sucrose, is apparently not activated during pollen development, despite the fact that anthers contain high amounts of sugars during pollen development (Albertini, Souvre, and Audran, 1987) . The patatin-like protein in flowers has a molecular weight that is apparently 3 kD higher than the patatin in tubers. This difference is retained after chemical deglycosylation and cannot be accounted by different glycosylation patterns. This discrepancy could result from an alternative posttranslational modification, such as phosphorylation, acylation, etc. Another possibility could be that the patatin signal peptide is not cleaved due to a mutation at the signal peptide cleavage site. An uncleaved protein would result in an N-terminal extension of 23 amino acids, which is equivalent roughly to 3 kD. Another possibility is that the patatin gene expressed in flowers encodes additional amino acids in the mature part of the polypeptide.
Despite these differences, the patatin-like protein in potato flowers cross-reacts immunologically with tuber antipatatin antibodies. Furthermore, with respect to its enzymatic activity, the substrate specificity toward different fatty acid esters is retained; i.e., both proteins display a maximum activity toward p-nitrophenyl acyl esters with a carbon chain length of 10. However, differences between these patatin-related proteins can be observed with a longer (C16) fatty acid chain length. With respect to this enzymatic activity, further analysis of the appropriate patatin genes expressed in potato flowers and tubers might provide an insight into the evolution of the patatin proteins and their homologs.
In addition to the implications for the evolution of the patatin protein, the findings could also be important with respect to the biological function of patatin and related proteins. We showed by immunocytochemistry that the protein can be found in high amounts in specific cell layers in petals and in the exothecium of the anthers. Moreover, RNA of the patatin-like protein can be observed on RNA gel blots during the very early development of the flower (young flower buds), which is analogous to the early appearance of patatin during tuber formation.
The fact that the patatin-like protein is not restricted to the genus Solatium but can also be found in another solanaceous plant species, sweet pepper, indicates that patatin might be an excellent marker for determining an evolutionary tree in the Solanaceae. This finding, together with high specificity of expression in flowers, supports the Po Pa idea that patatin, originally identified as a storage protein, might indeed have an essential role in the floral development of several plant species. The patatin-associated esterase activity in potato flowers might also be relevant to plant-pathogen interaction, as has been postulated for patatin present in potato tubers. Patatin is thought to be involved in the release of arachidonic acid, which is known to be a potent elicitor of phytoalexins (Stermer and Bostock, 1987) . Reproductive tissues such as potato tubers and flowers, and, more specifically, anthers, are important for the survival of the plant species. The patatin-like protein, synthesized specifically in the epidermal cell layer of the anther, might serve as an active protectant against pathogen damage. In addition to esterase activity, a wax synthase copurifies with patatin in tuber extracts (Dennis and Galliard, 1974; Andrews et al., 1988) . We were able to show an acyl transferase activity in both tuber and flower extracts (data not shown). Wax synthases are responsible for the synthesis of hydrophobic layers on leaves and other plant organs. In addition, anthers are known to contain waxes. Therefore, a possible role for the patatin-like protein in potato anthers might be the preservation of hydrophobic conditions for the anther during pollen development. This wax layer might also create a physical barrier for pathogens.
The observation that flowers contain a patatin-like protein, which was originally defined as a storage protein in tubers, has opened new prospects concerning the evolution of the biological function of the patatin protein. Future studies involving the analysis of patatin in more plant species related to potato should help to clarify this question.
Tissue Preparation for lmmunocytochemistry
Chemical fixation and embedding in LR White resin (Polyscience) were performed as described by Sonnewald et al. (1989) . lmmunolocalization Silver-enhanced immunogold staining was achieved as described by Sonnewald et al. (1 989) . lmmunofluorescence was obtained after a similar treatment, but a goat anti-rabbit IgG antibody fluorescein isothiocyanate conjugate (supplied by Sigma) was used as second antibody. Light microscopy was performed using a Zeiss Axiophot microscope equipped with Plan-Neofluar optics. The light source was an HBO 50 lamp with a 450 to 490 nm excitation filter. Micrographs were obtained by exposing a Kodak Ektachrome color reversal film for 60 sec.
METHODS
Esterase Staining
Materials
Potato (Solanum tuberosum) cultivars Berolina and Desiree and the sweet pepper (Capsicum annuum) cultivar Early Cal Wonder, grown under greenhouse conditions, were used for RNA and protein analysis. Potato sepals, petals, and anthers were harvested from 4-day-old to 7-day-old flowers. For the potato protein analysis, mainly anthers were used because of the lower complexity of the protein composition compared with total flowers. We define unripe flowers as flower buds 1 day to 2 days before opening of the potato flower. The analysis of sweet pepper tissue was performed with anthers.
lsolation and Analysis of Nucleic Acids
Total RNA isolation from plants and gelelectrophoretic separation was done according to Logemann, Schell, and Willmitzer (1 987) . RNA gel blot hybridization was performed as described by Amasino (1986) .
lsolation of Native Protein Extracts
Protein extracts were isolated essentially as described by Racusen and Foote (1980) . The tissue was homogenized in 25 mM sodium phosphate buffer (pH 7.0) containing 2 mM sodium bisulfite and 0.1 % insoluble polyvinyl-polypyrrolidone. For the enzymatic assays, these crude extracts were enriched for patatin by ion exchange chromatography using DEAE-Sephacel and by affinity chromatography using concanavalin A-Sepharose.
Protein Analysis
Proteins were separated on 12.5% SDS-PAGE, prepared by the method of Laemmli (1 970). Proteins were transferred to nitrocellulose using a semi-dry electroblotting apparatus (Multiphor II of LKB). lmmunohybridization was done according to Rosahl, Schell, and Willmitzer (1 987) . Chemical deglycosylation of proteins was performed using trifluoromethane sulfonic acid (Edge et al., 1981) .
Esterase staining of SDS-PAGE gels was done according to Rosahl, Schell, and Willmitzer (1987) .
Carbon Chain Length Assay
The photometric lipid acyl hydrolase measurements were done according to Andrews et al. (1 988) . Final concentrations of the pnitrophenol fatty acid esters substrates (fatty acid chain length ranging from 2 to 18) was 30 pmol. Measurements were done in 3-min intervals.
